In this work, amide-bonded columns packed with fully porous particles (FPP) and superficially porous particles (SPP) were evaluated to separate lanthanide-polyaminocarboxylic species by hydrophilic interaction liquid chromatography (HILIC), using two model samples of interest in nuclear and other industrial applications. We assessed the gains achieved by reducing the dimensions of the columns along with the size of the FPPs to sub-2 mm and by using sub-3 mm SPP-packed columns. The FPP-packed Acquity column (100 Â 2.1 mm; 1.7 mm) performed better than the SPP-packed Accucore column (150 Â 2.1 mm; 2.6 mm), with a separation that was two times more efficient and three times shorter, while generating around 30% less in effluent volumes. This column was also coupled simultaneously to electrospray ionisation mass spectrometry (ESIMS) and inductively coupled plasma mass spectrometry (ICPMS). The instrumental set-up was performed in a conventional laboratory, by taking into account the geometrical constraints existing in the laboratory dedicated to radioelement analysis. Furthermore, separation of the series of lanthanide (Ln) species was demonstrated for the first time thanks to the separation mode of hydrophilic interaction liquid chromatography.
Introduction
Green analytical chemistry has gained increasing attention over the last few years, incited by the 'three Rs' concept (reduce, replace, recycle).
1 This approach encourages users to replace hazardous solvents with greener alternatives, and to reduce the consumption of solvent and reagents, as well as the waste generated during analytical procedures. In nuclear applications, this approach is a major step forward in that it helps reduce radioactive waste volumes and sample consumption, not to mention associated facility and cost constraints. With the aim of studying the speciation of lanthanides (Ln) in the framework of spent fuel treatment processes, this approach was initiated in a previous work 2 and focused on the separation conditions by hydrophilic interaction liquid chromatography (HILIC) of Ln species containing strong chelating agents such as ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid (DTPA). In this preliminary study, the selected Ln species were Nd, Eu, Gd, and Er, to be representative of the Ln series, from the light to the heavy. We showed that among several stationary phases functionalized with cross-linked diol, cyano, zwitterionic and amide functions, the rst three led to the co-elution of Ln species, known to be difficult to separate due to their very close physico-chemical properties. Only amidebonded stationary phases allowed the separation of Ln species.
In order to reduce the effluent volumes produced by these HILIC separations while maintaining or improving their speed and efficiency, two sustainable chromatographic strategies 3 were applied in the current work. We took advantage of the gains achieved by reducing the diameter of fully porous particles (FPP) to sub-2 mm along with the dimensions of the columns, and by using columns packed with supercially porous particles (SPP). Sub-2 mm FPP and SPP technologies [4] [5] [6] represent a major advance in chromatographic techniques these past few years, driven by the growing demand of high sample throughput, as well as fast and high efficient separation techniques, prompted by several industrial sectors. However, most applications of sub-2 mm FPP-and SPP-packed columns lie in the analysis of organic compounds by reversed phase liquid chromatography (RPLC). [7] [8] [9] [10] Although hydrophilic interaction liquid chromatography is devoted to separating polar, hydrophilic and/or charged compounds and is well suited for separating metallic complexes, including non-covalent species, 11 application of this separation mode for speciation analysis is still relatively limited. Studies on the speciation of lanthanides have focused so far on gadolinium (Gd) species containing linear or cyclic polyaminocarboxylic acids, used as magnetic resonance imaging contrast agents.
12 Dedicated analytical methods have been developed to monitor and quantify Gd species in the environment using HILIC stationary phases in narrow-bore or classical format, most widely functionalised by zwitterionic groups, and packed with fully porous particles of diameters exceeding 3 mm. [13] [14] [15] To the best of our knowledge and excluding our previous work, sub-2 mm FPP-packed columns have only been used in one recent study dealing with speciation, 16 while various polar stationary phases have been developed with this technology since its commercial introduction in 2004.
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Furthermore, the majority of polar SPP-packed stationary phases dedicated to hydrophilic interaction liquid chromatography are unmodied silica, 18 despite numerous columns packed with SPP of different sizes, chemistries and porous shell thickness, have become available. The only example of separation by hydrophilic interaction liquid chromatography, involving a SPP-packed column for speciation analysis is with a bare silica SPP-packed column.
19 Therefore, sub-2 mm FPPs and shell technologies are currently almost never used for speciation investigations using hydrophilic interaction liquid chromatography.
In this work, amide-bonded columns of different lengths and diameters, packed with 3.5 mm and sub-2 mm FPPs, as well as sub-3 mm SPP-packed columns, were evaluated to separate Ln species by hydrophilic interaction liquid chromatography using two model samples. The rst sample concerns the development of nuclear spent fuel treatment processes based on liquidliquid extraction, being a model of actinide species that can be found in aqueous back extraction phases. It was composed of natural neodymium (Nd) and samarium (Sm) , exhibiting natural isobaric interferences also found in irradiated fuel solutions, in the presence of EDTA and DTPA. The second sample contained the entire lanthanide series with EDTA, leading to the formation of the corresponding 14 Ln-EDTA complexes. The separation of these kind of chemical species is of interest for nuclear applications, as well as for environmental and rare-earth recycling purposes. 20, 21 We determined the best compromise between the efficiency, the resolution, the analysis time, and the effluent volumes generated by separation of the species contained in the two samples, in order to select the most suited chromatographic technology. These experiments were run in a conventional laboratory by coupling the separations by hydrophilic interaction liquid chromatography to electrospray ionisation mass spectrometry (ESIMS). In a further step, the selected column was coupled simultaneously to ESIMS and inductively coupled plasma mass spectrometry (ICPMS), also in a conventional laboratory. This integrated mass spectrometric approach will allow to provide, in a single step, the structural characterization of the separated Ln species, along with the elemental and isotopic characterization of the Ln within the species. In addition, the overall effluent volumes, the consumption of the samples and the analysis times are even more reduced compared with the savings already achieved through a single coupling, which is of great interest for the analysis of nuclear or precious samples. 
Hydrophilic interaction liquid chromatography conditions
Separations were carried out in a conventional laboratory using an Ultimate 3000 UHPLC + focused system (Dionex/ ThermoFisher, Courtaboeuf, France), which consisted of a degasser, a dual RS pump, an RS auto sampler, a column compartment and a model RS diode array detector. All stationary phases were functionalized with amide groups (Table  1 ). The FPP-packed columns were obtained from Waters (Milford, MA, USA): XBridge amide (150 Â 2.1 mm; 3.5 mm), Acquity BEH amide (100 Â 2.1 mm; 1.7 mm and 100 Â 1.0 mm; 1.7 mm). Two Accucore-amide columns (150 Â 2.1 mm; 2.6 mm and 100 Â 2.1 mm; 2.6 mm) packed with SPPs were provided by Thermo Scientic (Waltham, MA, USA). A Sunshell HILIC amide column (100 Â 2.1 mm; 2.6 mm) packed with SPPs was obtained from ChromaNik Technologies (Osaka, Japan). The column dead times were determined using toluene as marker and UV detection at 254 nm. The separations were run in isocratic mode, ; where t r : the retention time of analyte, u 0.1 :
peak width at 10% of the peak height, a and b: peak width before and aer the apex, measured at 10% of the peak height. Analyses were performed two times with the XBridge (150 Â 2.1 mm; 3.5 mm), Acquity (100 Â 2.1 mm; 1.7 mm) and Accucore (150 and 100 Â 2.1 mm; 2.6 mm) columns. Similar efficiencies were obtained in all cases, and the average of N is given in the tables. For the Acquity column of internal diameter of 1 mm, as well as for the tests of the Sunshell column, analyses were performed one time.
ESIMS parameters
The ESIMS instrument was a TSQ Quantum Ultra™ Stage Quadrupole mass spectrometer (Thermo Fisher Scientic, Waltham MA, USA) equipped with an H-ESI II ionization source. ESIMS data was processed with XCalibur soware from Thermo Fisher. All ESIMS spectra were recorded in negative ionization mode with the spray voltage at À3.7 kV. The vaporization and capillary transfer temperatures, the sheath gas, the auxiliary gas and the skimmer offset were optimized for each sample and ow rate, so as to obtain optimal signal stability and intensity. Full-scan mass spectra were acquired in the mass range m/z 200-700 and single ion monitoring (SIM) mass spectra were acquired by adjusting the scan width to the isotopic pattern of each species. In negative ionization mode, the Ln species were observed as [Ln-EDTA] À and [(Ln-DTPA) + H] À , and are noted
Ln-EDTA and Ln-DTPA throughout the manuscript.
ICPMS parameters
The ICPMS instrument used was an XSeries II (Thermo Electron, UK) equipped with platinum skimmer and sampler cones, a peruoroalkoxy PFA-ST nebulizer at 200 mL min À1 , a quartz cyclonic spray chamber thermostated at 3 C and a 1 mm inner diameter injector. In order to prevent any carbon deposition linked to the use of organic solvents, a 8.2 mL min À1 oxygen ow rate was injected in the plasma tanks to an oxygen port located just aer the spray chamber. 24,25 ICP-MS data was processed with Plasmalab soware from Thermo Fisher. Experimental parameters, such as the torch position, ow rates and optical lens system, were optimized daily with a Sm-EDTA solution obtained by diluting the Sm-EDTA sample at 10 À4 mol L À1 prepared according to part 1, by a factor 150 in the mobile phase. This solution was further re-diluted in the appropriate volume of HNO 3 2% to reach a concentration of 3.4 ppb for the Sm. For each species, the most abundant Ln isotope was monitored with a dwell time of 30 ms.
Simultaneous coupling of HILIC to ESIMS and ICPMS
The instrumental set-up for the simultaneous coupling of HILIC to ESIMS and ICPMS was performed in a conventional laboratory, taking into account the geometrical constraints of the current conguration of the instruments equipped with glove boxes in the laboratory dedicated to the analysis of radioactive samples. The column output stream was split using a Tconnector without a dead volume (MicroTee Assy Peek -1/ 16in, IDEX Health & Science, USA) ( Fig. 1) , connected to the ESIMS through a 1.5 m Â i.d. 125 mm tubing on the one hand, 
Results and discussion
The mobile phase composition was dened in our previous study 2 on the separation of Ln species by hydrophilic interaction liquid chromatography in isocratic mode, with amidebonded stationary phase. This mobile phase (70/30 v/v acetonitrile/water, 0.5% v/v formic acid, 15 mM ammonium acetate) was therefore used in the present study.
Separation of lanthanide-polyaminocarboxylic species using amide columns packed with fully porous particles (FPP)
The separation of Ln-polyaminocarboxylic species contained in samples 1 and 2 was performed with the XBridge column in narrow-bore format (150 Â 2.1 mm; 3.5 mm) at the optimal ow rate which was determined in our previous study, i.e. 150 mL min À1 ( Fig. 2A and 3A) . The separation performance was evaluated with the efficiency (N) and the discrimination factor (d 0 ) values shown in Tables 2 and 3 . The discrimination factor was considered instead of the classical resolution R s because of peak asymmetry. The calculation to obtain N and d 0 are given in the experimental part. As specied in Fig. 2A and 3A, the effluent volumes generated by these separations were higher than 5 mL. A relevant way to reduce the volume of chromatographic effluents while improving the separation efficiency, is to use sub-2 mm fully porous particles combined with a reduced column length. Therefore, the same experiments were performed with the Acquity column, packed with 1.7 mm particles made of the same material and functionalized with the same amide group as that of the XBridge column. The Acquity column was shorter, but the internal diameter was kept constant (100 Â 2.1 mm). According to the rules of geometrical down-scaling
26
for isocratic elution mode, the calculated mobile phase ow rate for the Acquity column was 300 mL min À1 and the injection volume was 3 mL, instead of 5 mL for the XBridge column. We expected the separation process to be 1.5 more efficient and 3 times faster, as well as around 30% less waste volume with the Acquity column. The chromatograms obtained for the two samples are given in Fig. 2B and 3B. From these experiments, we can see that decreasing the particle diameter and shortening the column length by switching from the XBridge to the Acquity column, resulted in a separation that was 2.6 times faster, while reducing waste by around 20%, with a maximum volume of 5 mL. For sample 2, the discrimination factor was improved (Table 3) . For the two samples, the separation efficiency provided by the Acquity column was around 2 times higher than for the XBridge (Tables  2 and 3) , which is higher than expected. By calculating N values per meter, the Acquity column was even around 3 times more efficient than the XBridge column. The difference between theoretical and experimental values regarding efficiency, duration and effluent volumes provided by the separations, may be explained by a slight difference in packing quality and functionalization degree between both columns. Overall, our results are in agreement with the trends observed in the literature based on the comparison of the XBridge (150 Â 2.1 mm; 3.5 mm) and the Acquity (100 Â 2.1 mm; 1.7 mm) columns packed with silica hybrid FPPs for the HILIC separation of polar organic compounds. 27, 28 The authors found that the analysis time was divided by a factor 3 with the Acquity column, achieving the same plate count N as with the XBridge column.
In order to further reduce the effluent volumes and sample consumption, we used the Acquity column in micro-bore format with an internal diameter of 1 mm, keeping the length and the particle size constant, i.e. 100 mm and 1.7 mm respectively. Using the equations of geometrical down-scaling, 26 the adjusted ow rate was found to be 70 mL min À1 . We expected a similar analysis time and separation efficiency as those obtained with the 100 Â 2.1 mm Acquity column, but a waste volume around 80% lower. A sample volume of 1 mL was injected instead of the 0.7 mL theoretical one, since it is the smallest volume that can be injected with the autosampler in question. Since extra-column volumes could have a signicant impact on band broadening when reducing the internal diameter of the column, we minimized the length and the internal diameter of the connectors, and bypassed the UV detector and the diverting valve. The resulting chromatograms are shown in Fig. 2C and 3C. For the two samples and in agreement with the theoretical values, the Acquity column in micro-bore format generated a waste volume of around 1 mL, which is around 80% less than that produced with the Acquity column with an inner diameter of 2.1 mm, and the separation durations were similar. Unfortunately, the separation efficiencies were degraded by a factor of at least 2 for the two samples and poor discrimination factors were obtained for the Ln-EDTA complexes contained in sample 2 (Tables 2  and 3 ). The advantages expected by reducing the column's inner diameter to 1 mm could not fully be exploited despite minimizing the extra-column volumes and using UHPLC instrumentation which is designed to provide the smallest dead volumes. Some papers have stressed the detrimental impact of extra-column effects on the efficiency of sub-2 mm FPP-packed columns with an internal diameter of 1.0 mm, and operating with an UHPLC system. 29, 30 The major source of dispersion has been attributed to the connectors interfacing with the chromatographic instrument and the mass spectrometer.
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To summarize, among the FPP-packed columns, the Acquity BEH amide (100 Â 2.1 mm; 1.7 mm) provided the best trade-off between separation efficiency, discrimination factor, analysis time and waste volume produced. With this stationary phase, it must be pointed out that some Ln complexes were not separated with a return to the baseline, including d 0 values less than 1. However, we were able to extract the mass spectra from the co-eluted or partially co-eluted peaks, allowing the unambiguous identication of the species. Another remarkable point is that the highest pressure reached only 240 bar, in agreement with the limited impact of decreasing the particle diameter on the pressure in hydrophilic interaction liquid chromatography. Since mobile phases contain a signicant fraction of organic solvent, less viscous than water, lower pressures are reached compared with RPLC. This advantage makes it possible to use longer columns or to couple two columns in hydrophilic interaction liquid chromatography, for applications requiring high resolution, 27 but at the cost of producing more effluent.
Lanthanide polyaminocarboxylic species separation using amide columns with supercially porous particles (SPP)
SPPs are composed of a solid core surrounded by a porous shell, showing restricted axial diffusion associated with the lower internal porosity of the particles. 33 SPPs also show reduced dispersion and band broadening consistent with a narrow particle size distribution, as well as improved mass transfer from shorter diffusion path lengths through the porous layer.
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Because of these features, SPP-packed columns are expected to provide similar or better performance levels than those of sub-2 mm FPP-packed columns, while generating lower back-pressures. 34, 35 Several generations of shell particles have been marketed in various diameters but t especially with RPLC applications, 5, 6 while the variety and the size of polar shell particles are more restricted for the hydrophilic interaction liquid chromatography. 18 In our study, we intended to follow the same approach with the SPP-packed columns as with the FPP-packed columns. However, the smallest diameter of amidebonded SPPs on the market was 2.6 mm and the smallest internal diameter of columns packed with these particles for a use with an UHPLC system, was 2.1 mm. Therefore, we were able to use only 2.1 mm i.d. amide columns of different lengths, and packed with SPP of 2.6 mm. Several tests were conducted with a Sunshell column (100 Â 2.1 mm; 2.6 mm) (Table 1) , at 300 mL min À1 for a rst fast screening. DTPA-complexes were not observable and the heavier EDTA-complexes, containing elements ranging from Tb to Lu, eluted at a shorter time of 27 minutes, while the lighter complexes were too retained. Neither increasing the elution strength by increasing the water percentage, nor increasing the salt concentration, allowed us to improve the quality of the separations. These results highlighted the extremely retentive property of this stationary phase, which could be attributed to the silica-based packing material, together with the structure of the graed chemical group. This latter is a primary amide that contains a hydrophilic group on the carbonyl function, rendering the stationary phase more polar than the common amide columns. This Sunshell stationary phase was therefore unsuitable for our applications. The Accucore column (150 Â 2.1 mm; 2.6 mm) (Table 1) , was then tested and revealed retention times comparable to those obtained with the FPP-packed columns. The optimal ow rate was found to be 150 mL min À1 as can be seen in the associated Knox plot (Fig. 4) . A non-at plot at higher ow rates was obtained, reecting a loss of efficiency for ow rates above the optimal value. This is unusual with shell particles, since one of the well-known properties of the SPP-packed columns is to easily operate at high ow rates without losing separation efficiency. 33 The lower efficiencies observed at higher ow rates have been explained by the complex mechanism of the HILIC separation mode and the associated mobile phase compositions. 36 The water layer adsorbed at the surface of the stationary phase, combined with the adsorption and/or electrostatic interaction of analytes with the stationary phase, result in decreased diffusivity and greater resistance to the mass transfer, which in turn adversely affect the separation efficiencies. 27, 28, 37 It must be pointed out that we obtained the same results with the XBridge column packed with FPPs (data not shown), indicating that the decrease in efficiency with the increasing mobile phase ow rate can be assigned to the features of the HILIC mechanism rather than to the particle technology and the support material. Furthermore, we have shown that with amide-bonded stationary phases, 2 an adsorption mechanism played an important role in the HILIC retention of the Ln species, which likely promoted the non-at trend at high ow rates. Overall, our results conrm that the gains offered by the SPP technology, in connection with an improved mass transfer and shorter path length at higher ow rates, are not clear-cut in hydrophilic interaction liquid chromatography.
The chromatograms of the two samples were recorded with Accucore columns of lengths of 150 and 100 mm at 150 mL min À1 . The length and the diameter of the tubing connections had to be minimized to avoid dispersion of the chromatographic peak. As could be expected, the 100 mm column generated around 30% less effluent than the 150 mm column (data not shown), but with a loss of separation efficiency by at least a factor of 1.5. Since this parameter is essential and must be retained or even improved, the sub-3 mm SPP-packed column Accucore (150 Â 2.1 mm; 2.6 mm) was used for the comparative study with the Acquity column.
3. Comparison of sub-2 mm FPP and sub-3 mm SPP technologies for lanthanide polyaminocarboxylic species separation by HILIC
The chromatograms of the two samples obtained using sub-2 mm FPP and sub-3 mm SPP-packed columns, the Acquity (100 Â 2.1 mm; 1.7 mm) and the Accucore (150 Â 2.1 mm; 2.6 mm), at their respective optimal ow rates, are shown in Fig. 5 and 6 . Considering the differences in column lengths and ow rates, the separations carried out with the SPP-packed Accucore column were three times more time-consuming and generated around 30% more waste than the FPP-packed Acquity column. Moreover, the Accucore column was about two times less efficient than the Acquity column (Tables 4 and 5 ). By working with columns of the same dimensions (100 Â 2.1 mm) and at the same ow rate of 300 mL min À1 , we obtained slightly longer separations and slightly higher effluent volumes for the Accucore column compared with the Acquity column (data not shown). The two stationary phases were made of different packing material, which was untreated bare silica for the Accucore column and hybrid material for the Acquity column. This resulted in a lower retention capability and therefore less waste production for the latter. In these conditions, the sub-3 mm SPP-packed Accucore column also provided less efficient separations than the sub-2 mm FPP-packed Acquity column, despite the reduction in the extra-column volumes for the former column. These results are not consistent with what could be expected at least in RPLC, since it is well-recognized that sub-3 mm shell particles generally generate at least an equivalent efficiency level to that of the sub-2 mm porous particles, while inducing lower pressure and solvent consumption. 34 Studies comparing polar SPP-and FPP-packed columns in hydrophilic interaction liquid chromatography are not as widespread, and almost always limited to silica-based stationary phases and exclusively for organic compound separation. [36] [37] [38] [39] [40] With columns of the same dimensions, using shell technology led to higher efficiency levels than with porous particles, with shorter analysis times. 36 This has particularly been observed for underivatized silica columns packed with SPPs and FPPs with comparable sub-2 mm diameters.
37 By contrast, in the study evaluating hybrid and nude silica-based columns of the same dimensions and packed with sub-2 mm FPPs and sub-3 mm SPPs, the shell technology was shown to be 30% less efficient regarding the HILIC separation of organic compounds exhibiting different properties. 39 The authors attributed this result to the different quality of the column packing, the different support material and the complex mechanism of hydrophilic interaction liquid chromatography. Our results are in agreement with the latter study and similar explanations can be provided to interpret them. In spite of the benets claimed for the shell technology, our work shows that sub-2 mm FPPs are most suited for achieving the best trade-off between efficiency, discrimination factor, analysis time and effluent volumes regarding the HILIC separation of Ln-polyaminocarboxylic species. Separation levels reached by the FPPpacked Acquity column (100 Â 2.1 mm; 1.7 mm) were two times more efficient than those obtained with the SPP-packed Accucore column (150 Â 2.1 mm; 2.6 mm), and three times more efficient when using N values per meter. The Acquity column also generated around 30% less waste, lower than 5 mL, in three times shorter analysis time, i.e. a maximum of 15 minutes. In addition, thanks to the HILIC mobile phase composition, the Table 4 Chromatographic data (discrimination factor d 0 and efficiency N) associated with sample 1, obtained with the SPP-packed Accucoreamide column (150 Â 2.1 mm; 2.6 mm) and FPP-packed Acquity BEH amide column (100 Â 2.1 mm; 1.7 mm). d 0 and N were calculated from the XIC for each species. Flow rate of the mobile phase and injection volume are specified in Table 1 back-pressure did not exceed 240 bar even using sub-2 mm FPP particles, which is particularly interesting to implement chromatographic separations in glove box for the study of radioactive samples.
Simultaneous coupling of HILIC separation to ESIMS and ICPMS
The selected Acquity column was used to perform the simultaneous coupling to ESIMS and ICPMS (Fig. 1) . This single-step approach exhibits outstanding advantages. Firstly, comprehensive speciation information can be collected through the simultaneous acquisition of structural, elemental and isotopic data. Secondly, an additional decrease in the overall effluent volumes, sample consumption and analysis times is afforded with respect to independent coupling experiments. All these advantages are of prime importance, in particular for nuclear applications. Fig. 7A and B shows the chromatograms of the sample containing the entire series of Ln-EDTA complexes, recorded simultaneously by ESIMS and ICPMS. Each Ln-EDTA species was identied by ESIMS through the extraction of the mass spectra from the chromatographic peaks and by comparison with the theoretical isotopic patterns of the species (Fig. 7A) . ICPMS allowed us to monitor the Ln isotopes contained in the species associated with each chromatographic peak (Fig. 7B) .
The ICPMS chromatographic proles were comparable to those obtained by ESIMS, but with a 2.4 minutes delay due to the difference in the connector lengths from the outlet of the column to the ICPMS on the one hand, and to the ESIMS in the other hand. The separation efficiencies calculated with ESIMS and ICPMS chromatograms were comparable. These preliminary results demonstrate that the 4.6 m tubing with a small inner diameter of 65 mm made it possible to compensate the performance loss expected with such connector lengths, which is paramount to implement this coupling with instruments equipped with glove boxes. As indicated above, in addition to species identication, comprehensive speciation includes both quantitative and isotopic measurements of separated species. The associated analytical methods are currently under development. It must be noted that because of the numerous Ln industrial applications, the separation of the series of lanthanide ions has been reported with other separation techniques such as ionic chromatography, 41 ion pairing reversed-phase chromatography, 42 capillary electrophoresis 43 and isotachophoresis. 44 All these techniques require the addition of ion pairing and/or complexing agents in the mobile phases for Ln elution and the use of complexing agents as constituents of background electrolyte to insure differential Ln migration. To the best of our knowledge, this is the rst time that the separation of the entire series of Ln chemical species is performed in Table 5 Chromatographic data (discrimination factor d 0 and efficiency N) associated with sample 2, obtained with SPP-packed Accucore-amide column (150 Â 2.1 mm; 2.6 mm) and FPP-packed Acquity BEH amide column (100 Â 2.1 mm; 1.7 mm). d 0 and N were calculated from the XIC for each species. Flow rate of the mobile phase and injection volume are specified in Table 1 hydrophilic interaction liquid chromatography and isocratic mode. This is a great advantage since this separation technique can be directly coupled with ICPMS and ESIMS, without requiring the addition of any extra reagent in the mobile phase or aer separation in order to be compatible with the mass spectrometers.
Conclusion
Amide-bonded columns packed with FPPs and SPPs were evaluated for the separation of Ln-polyaminocarboxylic species by hydrophilic interaction liquid chromatography. The efficiency, discrimination factor, analysis time and effluent volumes yielded by 3.5 mm FPP-packed columns were compared with those obtained with sub-2 mm FPP-and sub-3 mm SPP-packed columns. Regarding the FPP technology, the gains afforded by decreasing the particle size, column length and internal diameter were assessed, leading to the selection of the Acquity (100 Â 2.1 mm; 1.7 mm) column. For the SPP-packed columns, the most satisfactory conditions were obtained with the Accucore column (150 Â 2.1 mm; 2.6 mm). By comparing the two technologies, an efficiency level multiplied by a factor two, an analysis time three times shorter and around 30% less effluent waste were obtained with the sub-2 mm FPP Acquity column compared with the sub-3 mm SPP Accucore column, demonstrating that the totally porous technology was the most suitable for our purpose. Such an approach, i.e. evaluating sustainable chromatographic techniques, had never been undertaken for speciation analysis, by investigating the separation of metal species by hydrophilic interaction liquid chromatography. Finally, we selected the Acquity column for simultaneous coupling to ICPMS and ESIMS in order to carry out speciation studies of lanthanides in a single step. The instrumental set-up was implemented in a conventional laboratory using the sample containing the entire series of Ln-EDTA complexes, taking into account the geometrical constraints existing in the laboratory dedicated to radioactive sample analysis. The separation of the entire Ln series under their complexed forms, in hydrophilic interaction liquid chromatography and isocratic mode, was demonstrated for the rst time. The next stage will involve developing isotopic measurements and quantication methods. Simultaneous coupling will then be implemented in glove box for the speciation analysis of radioelements.
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